DISCUSSION
Dr Cotes explained, in reply to questions, that he had taken a group of people with conditions in which there was narrowing of lung airways and on them obtained a number of indices which reflected airway obstruction. By use of principal component analyses these indices had been condensed into one whose characteristics it was now proposed to investigate. His ultimate objective was to reduce the twenty or so indices obtained in routine assessment of lung volumes, transfer factor and FEV to four indices reflecting the basic dimensions of lung volume and distensibility, airway obstruction and gas transfer. Dr T J H Clark said that this approach assumed that the anatomical causes of airway obstruction always operated in the same site, whereas different anatomical lesions might push the indices in a variety of directions, and he wondered if the method allowed for this. Dr Cotes accepted this possibility, but for the present asthmatics and bronchitics there was no reason to believe it was important. Accepting that there are many assumptions and oversimplifications, it is still helpful to construct an equation of motion relating the applied forces (PL) to the displacement of air (V) in and out of the lungs. PL(time)=Pinertial +Presistive + Pelastic =-I V+(KVt+K2V)(+i) where I, K1, K2 and C are constants, and p is the pressure at the end of expiration. The total lung pressure will be the sum of the pressures arising from the inertial, elastic and resistive properties. The inertial pressure is a function of volume acceleration, the resistive pressure of the rate of change of volume, i.e. airflow rate, and the elastic component is related to volume change. The lung pressure can be conveniently represented by a sine wave, and the total impedance is then the sum of two reactive and one resistive components, with a resulting phase difference between pressure and flow. In a purely resistive system pressure and flow are in phase, in an elastic system flow leads pressure by 90 degrees and in an inertial system flow lags pressure by 90 degrees.
For a network of parallel branching airways, each leading to an airspace, this simple analysis is only valid if motion in all parts of the lungs is synchronous. In normal lungs this applies up to a breathing frequency of about 90 breaths per minute, but in patients with diseases such as bronchitis, asthma and emphysema this is not so, as the distribution of volume changes with frequency of breathing (Mead 1961) .
The pulmonary inertance has been studied first by Dubois & Brody, then by Mead, Jvger & Otis and by Zechman (see Mead 1961 , Spells 1969 . The pressure required to accelerate both the lung tissue and the air is about 0 5 % of the total during quiet breathing, rising to possibly 5 % during exercise. The elastic component of the equation is mainly determined by the properties of elastic and collagen fibres and the surface tension properties of the alveolar surface.
Extensive study of airways and tissue resistance was not possible until the work of Fry, Petit & Milic-Emili, Chemiack, Mead & Gaensler and many others (see Mead 1961) demonstrated that changes in cesophageal pressure were directly related to changes in pleural pressure. One of the easiest and most widely used methods of estimating pulmonary resistance is from a flow/cesophageal pressure plot (Mead 1961) . This contains both resistive and elastic pressures which, being 90 degrees out of phase, can be separated very simply by electrical or graphic techniques.
In order to estimate airways resistance alone, Neergard & Wirz in 1927 (see Mead 1961) devised what at first appeared to be an ingenious method for measuring alveolar pressure directly. This assumed that, as the alveolar volume is large compared with the volume of the airways, if during respiration the airflow was interrupted rapidly at the mouth, this mouth pressure would equilibrate to a value very close to the preinterruption alveolar pressure. However, continuing movement of the chest wall and diaphragm causes the interrupter pressure to be somewhat greater than even the intrapleural pressure (Mead 1961 , Spells 1969 ; but it is a useful method for epidemiological studies, involving only a shutter, flow meter and pressure gauge. Ainsworth (see Mead 1961) modified the technique so that the flow was obtained from the pressure drop across an external resistance of similar airflow characteristics to the lungs, thereby obviating the need for a flow meter, and Clements (Mead 1961 ) produced a simple rotating shutter with similar characteristics which gave repeated interruptions during quiet breathing.
The only successful technique at present available for the measurement of alveolar pressure was first tried by Sonne in 1923 but not solved until the work of Dubois in 1956 (see Mead 1961) .
When a subject sits in a box of fixed volume the pressure in the box fluctuates throughout the respiratory cycle. This pressure change is in part due to the heating and wetting of inspired air, and in part due to the expansion and compression of the alveolar gas by an amount depending on the difference between alveolar and box pressure. If the subject pants at a respiratory rate of 1-2 per second with a tidal volume of 200-300 ml the alveolar pressure changes can be separated from the unwanted signals. The overwhelming advantage of this method is that the equipment can also be used for the simultaneous measurement of lung volume. A constant pressure box in which alveolar pressure is calculated from the volume of air flowing in and out of the box during panting has since been developed by Jeger & Otis (see Spells 1969) , and has the added advantage that volume measurements during forced manoeuvres such as flow/volume curves can also be recorded. Constant volume boxes in which measurements are made during quiet breathing by heating the inspired air to body temperature and saturating it with water vapour are also used, but the results are more difficult to interpret. Using the Dubois method for the measurement of alveolar pressure simultaneously with total pulmonary resistance by the cesophageal technique gives tissue resistance as about 20 % of the total.
An attractive method for the measurement of total respiratory resistance (airways, tissue and chest wall) is based on forced oscillations and was, like the box method, first introduced by Dubois (see Mead 1961) ; it already has several variations. Sinusoidal pressures produced by a loudspeaker are superimposed at the mouth during respiration and in the original method the frequency of the pressure was varied until flow was maximum. This position of resonance occurs when elastic and inertial pressures are equal and 180 degrees out of phase, thereby cancelling each other out. Pressure and flow are then in phase and specify the resistance of the system. In normal subjects the resonant frequency is about 6 Hz, but in subjects with obstructive lung disease it can be difficult to identify and may be above 10 Hz. Grimby modified the method (see Spells 1969 ) by adding to the pressure signals ones proportional to either the volume or volume acceleration, and so produced artificial resonance. Goldman et al. (1970) have recently simplified the technique still more by using the fact that twice in every cycle the rate of change of flow is zero, therefore the inertial component of the pressure is zero. These points in time occur at positions of equal volume, hence equal elastic pressures. Therefore the change in pressure over this time interval can be related to the change in flow to give the total respiratory resistance. The method is particularly suitable for use under field conditions and, like the box method, causes only minimal inconvenience to the subject and requires little co-operation. A summary of the four methods outlined is shown in Table 1 . Most methods available for the measurement of the flow resistive properties of the lung can be used both in inspiration and expiration over a wide range of flow rates, but resistance is generally measured on inspiration at a rate of 0-5 1./s. At this flow the relationship between both alveolar pressure and cesophageal pressure and flow is almost linear.
The first detailed studies of the type of flow and the energy relationships in human airways were published by Rohrer in a series of classic papers from 1915 to 1925 (see Mead 1961) . This work was based on measurements on post-mortem lungs and proposed the relationship which is shown in the equation of motion. Rohrer postulated that laminar flow represented by the constant K1 depending on gas viscosity would occur in straight airways, and that turbulent flow with pressure proportional to the flow squared and a constant K, which depends on gas density would occur at bends and branch points. Attempts by McIlroy and others (see Mead 1961) to investigate these constants using gas mixtures of different viscosities and densities do not confirm Rohrer's hypothesis. Much work is at present being done on flow in models by Jaeger & Matthys (1970) and by Sudlow (1971 ). Timbrell et al. (1970 have succeeded in producing hollow lung casts by a plating technique, and Eisman (1970) has produced an elastic cast. Rohrer attempted to estimate the magnitude of airways resistance and its relative proportions along the bronchial tree, and was the first to suggest that nasal resistance and upper airways resistance during mouth breathing would make a considerable contribution to the total. His figures compare well with Butler's estimate of a nasal contribution of 50-75% and the figure of 20% for upper airways and glottis found during mouth breathing by Hyatt & Wilcox (see Mead 1961 , Spells 1969 . These subdivisions of airways resistance are now recognized as of great importance, as obstruction in the peripheral airways less than 2 mm in diameter has a considerable adverse effect on the distribution of ventilation and gas transfer, despite the fact that, as Hogg et al. (1968) have shown, these airways contribute only about 10-30% of the total resistance of the tracheobronchial tree.
Amongst the factors of particular importance in the measurement of airways resistance is the degree of lung inflation. The relationship between the resistance and volume is approximately hyperbolic for normal lungs and so that between conductance and lung volume can conveniently be considered linear in many circumstances. This was first shown by Briscoe & Dubois (see Mead 1961) . Using retrograde catheter techniques on living open-chested dogs, Macklem (1970) has demonstrated that at lung volumes of 25-50% VC the resistance rises rapidly between the 3 and the 8 mm airway, whereas at the higher lung volumes there is much less change. The volume at which airways resistance measurements are made is therefore of great importance in sequential and comparative studies.
Another factor to be considered is bronchomotor tone. Woolcock et al. (1969) have recently shown that total pulmonary resistance at a given lung volume is higher when that volume is attained by inspiration than by, expiration and that this difference is reduced by atropine. They suggest that the effect of volume history on the airways is dependent on efferent vagal impulses modifying bronchial smooth muscle tone.
Along with the changes due to lung volume, bronchomotor tone and dynamic compression of the airways during expiration, pulmonary resistance in patients, though not in normal subjects, shows some degree of frequency dependence.
Airways resistance is only one of many factors involved in airway obstruction, and in the methods of measurement discussed it is easier to measure changes in the parts of the airways which are of least interest. However, it has been and is still a very useful measurement provided its limitations are recognized.
The theoretical basis of this paper is discussed in greater detail in the review paper of Mead (1961) to which readers might like to refer.
Dr C B McKerrow commented that the methods which Mrs McDermott had described varied in the type of breathing which was required, and asked if anybody had practical experience of the consequences. Dr J Mead said this was an important paradox, which had been solved by Dubois A B et al. (1956, J. clin. Invest. 35, 327) .
During an ordinary quiet expiration resistance of the upper airways went up appreciably and contributed a substantial fraction to the total resistance as measured by the forced oscillatory technique. So the paradox was that this spontaneous breath which many people, particularly on the Continent, liked to study, evoked an increase in upper airway resistance. The increase was largely avoided by use of voluntary panting when the upper airway resistance tended to decrease and become fixed. Dr Mead thought that such measurements were more satisfactory and less variable than those made during spontaneous breathing. Mrs McDermott said that to measure resistance it was necessary to minimize the elastic and inertial components. During panting the elastic term was decreased and the inertial term was small, so that by this manceuvre one got closer to the true resistance.
Current Concepts
Dr Michael Sudlow (Institute ofDiseases ofthe Chest, London SW3)
Physics of Gas Flow in the Lungs
The movement of gas in and out of the lungs through the bronchial tree results in energy dissipation and therefore a pressure gradient is necessary to maintain the motion. The pattern of gas flow will determine the amount of energy dissipation and hence the overall pressure drop and resistance to breathing as well as the distribution of that resistance within the airways.
Flow in long straight pipes is usually either laminar flow of the Poiseuille type (with an axisymmetric parabolic velocity profile) or turbulent flow, where there are random velocity fluctuations but the mean flow is again axisymmetric.
Studies using large scale symmetrical models of typical branches of the human bronchial tree and casts of human airways show that, in the lung, flow is not of these types. The results have been published in full elsewhere (Sudlow et al. 1971 , Schroter & Sudlow 1969 and show that flow is
